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Abstract 
Manufacturing different products tailored to the needs of their clients is a real challenge that industries face today. Current consumers are 
looking for products that carry a part of their own identities and allow them to stand apart from the crowd. To meet the requirements of the 
current market, industries have to adapt their resources to manage the wide variety that affects their entire production system in terms of 
processes, products or volumes. In this context, many indicators were proposed to evaluate the responsiveness and the flexibility of a 
production system such as capacity scalability and convertibility metrics. The aim of this paper is to propose a system convertibility indicator 
for manual mixed-model assembly lines. Convertibility is one of the flexibility aspects, it expresses the ability of a system to change the 
functionality or move from one product to another. The contribution of this research is to provide new metrics for quantifying system 
convertibility by integrating product and process information. Experimental results from the automotive industry are presented.  
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1. Introduction 
In recent years, in order to respond to the increasing 
customer needs, accelerated lead-times, tight delivery times, 
and shorter products’ life cycles, companies have widely 
increased their product variety.  As defined by ElMaraghy et 
al. [1], “variety is a number or collection of different things of 
a particular class of the same general kind”. Variety becomes 
a necessity for companies to stay competitive in such 
unpredictable and versatile market. Agard and Tollenaere [2] 
distinguish between three levels of product variety: (1) 
Functional variety that comes from all the needs to be met to 
gain market share competition; it is linked to the diversity 
offered to commercial customers; it’s the most apparent part 
to the client. Then, (2) Technical variety which is the 
translation of functional variety on the technical side. And 
finally, (3) Process variety which concerns all the processes 
required achieving the technical variety. Nowadays, the 
industries are continuously trying to figure out better ways to 
reduce the technical and process variety, and keep a large 
functional variety because of its appreciable added value for 
the customers.  
Changeable manufacturing systems, as reported in [3], help 
to produce wider product variety. In this research, we focus on 
changeable assembly systems, which are those that can rapidly 
change their capacity and functionality to adapt to market 
demand. We can distinguish between three types of assembly 
lines: (1) Single model Assembly line which is a multi-stage 
line where a unique product is manufactured in a continuous 
way in large quantities. This kind of line was developed for 
mass production. Then, (2) Multi-model assembly line where 
the manufacturing of various products is performed in separate 
batches for every product type. And (3) Mixed-model 
Assembly line, defined as a line where different products are 
manufactured in the same assembly line. In this case, we are 
talking about a product family with several variants. The 
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processes are quite similar, because the variants are slightly 
different.  In this research paper, we present a convertibility 
indicator that evaluates the introduction of a product variety in 
mixed-model assembly lines.  
To deal with this subject, we firstly, present and discuss 
some existing measures of manufacturing system 
convertibility. These measures are confronted to an 
automotive industry case. A model adaptation is, 
consequently, proposed due to the specificities of mixed-
model assembly lines.  Then, to cover all the aspects that 
impact the manufacturing system convertibility, we consider 
that not only information about the configuration system, 
material handling and machines should figure in the 
convertibility measure of a production system, but also 
information about the product itself. Thus, we propose a novel 
approach to measure product convertibility. In this research 
work, we define product convertibility as a characteristic that 
enables a system to manage existing product variety and to 
adapt its resources to potential product changes. Illustrative 
examples from the automotive industry are presented.  
2. Problem statement 
2.1. State of the art 
System performance is assessed in many areas such as 
quality, cost, delivery and flexibility. For manufacturing 
plants, Koren [4] defines three goals to stay competitive: 
produce at low cost, enhance product quality, and respond to 
change rapidly and effectively.  Changeability, as described 
by ElMaraghy [3], “is an umbrella framework that 
encompasses many paradigms such as adaptability, 
modifiability, flexibility and reconfigurability, which are 
themselves enablers of product variety management”. 
Flexibility includes both scalability and convertibility [4]. In 
[5], Chryssolouris summarized the flexibility in three main 
forms: Operation flexibility, Product flexibility and Capacity 
flexibility. Based on Chryssolouris and Koren definitions, we 
propose that system convertibility can be related to product 
and operation flexibility and system scalability linked to 
capacity flexibility, as shown in fig 1:  
 
 
Fig. 1 Flexibility main forms 
The convertibility is one of the six Reconfigurable 
Manufacturing System (RMS) characteristics; it expresses the 
ability to change the system functionality to produce different 
types of products. Several metrics and principles for the 
assessment of manufacturing system performance, including 
flexibility and reconfigurability, were proposed in [5, 6, 7, 8]. 
But more accurate convertibility metrics covering additional 
variety aspects are needed, especially when product and 
process information are available.  
    Multi-stage manufacturing systems are made up of many 
machines or assembly stations that are bound by material and 
information flow. Based on the manufacturing system 
definition, Maeir and Koren [9] presented a model for an 
overall intrinsic assessment of system convertibility in one 
equation as follow:  
 
ܥௌ ൌ ݓଵܥ஼ ൅ ݓଶܥெ ൅ ݓଷܥுሺͳሻ 
 
Whereܥ஼,ܥெ,ܥுare convertibility metrics associated 
with the Configuration, Machine, and material Handling, 
respectively. The weightings, ݓ௜ǡrepresent the relative 
importance of each term in the equation. 
This metric enable the manufacturing industries to evaluate 
their manufacturing system convertibility based on 
information about the machines, their arrangements and the 
material handling devices. Consequently, in the early design 
phases, it enables the manufacturing system designers to 
justify higher capital investment due to higher convertibility. 
But for more accuracy, we propose to complete this measure 
by including product and process information. 
2.2. Motivation and study framework  
To meet the market changing requirements, manufacturing 
industries produce in the same assembly line a huge number 
of product variants. Consequently, to integrate all this variety, 
the assembly line facilities should integrate a great number of 
functionalities to process the existing products and the 
potential new arrivals. However, under time and budget 
constraints, it’s very difficult to manage product variety while 
maintaining high system performance.  
The aim of this paper is to build an indicator to quantify 
and evaluate mixed model assembly line convertibility. As 
part of Design For Manufacture and Assembly (DFMA) 
practices, this indicator will, firstly, be useful for the product 
designer who needs to integrate the existing process line 
information to reduce the product technical variety and 
facilitate the introduction of new product variants with minor 
modifications in the line. Meanwhile, product information 
will help to design the different interfaces between the 
product and the process in a way to easily support the 
different components of the variants. Sharing technical 
information between the product and assembly line designers 
minimize the consequences of the introduction of a new 
product by integrating adaptable interfaces, either in the 
product or in the assembly line, in an optimal way.  
Furthermore, to reach a higher convertibility, the process 
planner should coordinate with the designer to make 
production sequences that allow an optimal utilization of the 
existing resources and integrate potential changes by the 
introduction of a new variant. Collaboration between these 
actors is a key to build real cost-effective and responsive 
production lines. 
The motivation of this research lies in providing indicators 
that allow the company to manage successfully the hidden 
side of product variety (technical and process variety) and 
satisfy its customers by offering the required functional 
variety.  Based on Maeir and Koren model developed in [10], 
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ܥ௖: Configuration convertibility 
K : Total machines number 
R : Number of routing connections 
X : Configuration width 
I  : Minimum increment of conversion 
ܥ௖ ൌ
ܴ כ ܺ
ܫ ሺʹሻ 
ܥ௖ǡே௢௥௠௔௟௜௭௘ௗ ൌ ͳ ൅
ܮ݋݃ ൬ ܥ௖ܥ௖ǡ௦௘௥௜௔௟൰
ܮ݋݃ ൬ܥ௖ǡ௄ି௉௔௥௔௟௟௘௟ܥ௖ǡ௄ି௦௘௥௜௔௟ ൰ כ
ͳ
ͻ
ሺ͵ሻ 
we present, in the following paragraphs, an adaptation to 
configuration convertibility measure due to the mixed model 
character of the assembly line. Then, we propose to complete 
the equation (1) by adding a fourth term dealing with product 
convertibility. In the following sections, we suppose that the 
assembly is manual, consequently machines convertibility 
measure takes its maximal value because the human operators 
are 100% convertible. Meanwhile, the same approach to 
calculate material handling convertibility, presented in [10], is 
maintained. 
3. Configuration convertibility  
3.1.  Literature view 
A manufacturing system configuration is determined by 
the arrangement of its machines and the connections among 
them [10]. System configurations may be primarily classified 
on synchronous and asynchronous configurations. For a given 
number of machines, the generating number of possible 
configurations may be quite high, including serial, parallel 
and hybrid configurations [10].  In the literature, many factors 
were identified to select preferred manufacturing 
configurations. In [11], Spicer et al. introduced the 
configuration length, which is the number of operations or 
machines a part must go through, and the configuration width, 
defined as the number of machines in parallel for a given 
configuration. In [8,9], Maier et al. introduced two additional 
selecting factors which are the minimum increment of 
conversion that gives information of how quickly new or 
different products can be introduced and the routing number 
of connections that may indicate the degree of configuration 
convertibility and throughput.  
To evaluate the convertibility of single process 
configurations with identical machines in each stage, Maier 
and Koren [9] presented a mathematical model based on some 
of the configuration selecting factors described above:  
Through an experimentation of (2) in real assembly 
examples, we demonstrate, in the following paragraph, a need 
for model adaptation due to mixed-model assembly line 
specificities. For this adaptation, machines are replaced by 
workstations. 
3.2. Applications/ Model adaptation   
We consider three serial assembly lines (see Table 1).  To 
compare their configurations’ convertibility, we apply Maier 
and Koren model in its normalized form (3).   
Table 1.  Assembly lines description  
Assembly line 
name 
Number 
of variants 
K R X I ࡯࡯ǡ 
Normalized 
Assembly Line 1 1 5 6 1 1 1 
Assembly Line 2 3 5 6 1 1 1 
Assembly Line 3 4 5 6 1 1 1 
 
Serial configurations are the less convertible ones [9], 
because in order to introduce a new product, the entire line 
must be shut down, changed over and restarted. Therefore, for 
the three serial assembly lines, we get the same value for their 
configuration convertibility measure, which is:  
 
ܥ௖ǡே௢௥௠௔௟௜௭௘ௗ ൌ ͳ  
 
In this case, the model doesn’t enable to compare the three 
assembly lines convertibility. This result is acceptable if no 
more information is available about the number of processed 
variants. Otherwise, if such information can be afforded, a 
model adaptation is required.  
According to the case study description (see Table 1), the 
configurations enable production of different number of 
variants that should logically affect their convertibility 
measures.  Then, we think that this information, once 
available, is essential to evaluate the configuration 
convertibility in mixed model assembly lines.  
For more accuracy in calculating configuration convertibility 
indicator, we propose to add a fourth parameter dealing with 
the variety existing in the system that we define as follow:  
 
ܻ ൌ ܸܽݎ݅ܽ݊ݐݏ݊ݑܾ݉݁ݎܹ݋ݎ݇ݏݐܽݐ݅݋݊ݏ݊ݑܾ݉݁ݎሺͶሻ 
 
The configuration convertibility can, consequently, be 
expressed as follow:  
 
ܥ஼௒ ൌ ܥ௖ǡே௢௥௠௔௟௜௭௘ௗ כ ܻ                                                        ሺͷሻ 
 
  Taking the value of Y into consideration enable a comparison 
between the three assembly lines as shown in fig.1. 
 
Fig. 2. Application results of the adapted configuration convertibility measure 
4. Product convertibility 
4.1. Literature view 
In the current volatile market (increasing customer 
requirements and changing needs, improved manufacturing 
317 Meriem Lafou et al. /  Procedia CIRP  17 ( 2014 )  314 – 319 
methods, new technologies, government regulations), the 
lifecycle of the individual products is shortened. 
Consequently, industries need manufacturing system that is 
designed in a manner to be quickly adjustable to follow such a 
pace. Because there are still no analytical methods available 
that can ensure an optimum design of manufacturing systems 
[12], many Scientifics move their interest to study the product 
flexibility.  
As reported by Chryssolouris [5], product flexibility enables a 
manufacturing system to make a variety of part types with the 
same equipment. In the last decade, many product flexibility 
principles and measures were introduced. In [12], Lee 
introduced the Delayed Product Differentiation (DPD) which 
is a design concept aiming at the increase of product variety 
and manufacturing efficiency. It is based on delaying the 
differentiation point (i.e, the stage where a product assumes 
its unique identity) as much as possible. Many algorithms 
were presented in the aim to find the optimal differentiation 
point [13, 14]. Meanwhile other Scientifics discussed the 
limits and suitability of this strategy [15].  
In [16], product flexibility were assessed by taking into 
consideration uncertainties related to potential risks during the 
early development stages of a new product in terms of 
quantity and variants diversity that remain arbitrarily, with the 
objective to forecast production costs as early as possible. An 
additional methodology to design a product for flexibility was 
proposed in [17], the approach is based on two step 
procedures: (1) Decomposing the product in some rational 
manner, that it can be assessed for possible changes and (2) 
Finding the CPN (Change Potential Number) that gives an 
indication of how easily a change can be incorporated into a 
product.  
However, more well-defined metrics for product flexibility 
are needed, particularly those that integrate process and 
product information simultaneously. Consequently, we 
propose in the following paragraph, a new approach to 
evaluate product convertibility based on the specificities of 
product family and product platform, by considering the 
impact of the interfaces between the product and the process. 
4.2. Model presentation 
Eight distinguishable variety levels in the hierarchy of 
product variety were identified by ElMaraghy [1], where 
product platform and product family occupy the second and 
the third level respectively. Product platform is a set of 
product families that share common parts, subsystems, 
interfaces, and manufacturing processes. While product 
family can be defined as a set of common features, parts and 
subsystems shared by related products. Based on the 
characteristics of these two notions, we build a mathematical 
model to deal with product convertibility. 
What can make a product family less convertible than 
another one is initially the number of specific components that 
its variants require. These specific components impact much 
more the variant convertibility if they need specific operations 
to be processed and specific gripping and setting interfaces to 
be handled. In fact, specific operations may require new 
technologies, more operation and setup time and higher setup 
cost. All these characteristics provide information about the 
system sensibility while introducing a new product and 
consequently enable convertibility product assessment. An 
example of manual mixed-model assembly line where 
operators have to manage a large variety of vehicles is 
presented in Fig 3. 
 
 
 
Fig 3: Mixed-model assembly line from the automotive industry 
 
The approach is defined according to the following steps:  
 
1. Classification of the components on families.  
2. Identification of the families that have setting 
interfaces with the process.  
3. Identification of the families that have gripping 
interfaces with the process.  
4. Calculation of the parameters “ܽ” and “ܾ” defined 
by: 
 
ܽ ൌ ܶ݋ݐ݈ܽ݊ݑܾ݉݁ݎ݋݂ܿ݋݉݌݋݊݁݊ݐݏݓ݅ݐ݄ݏ݁ݐݐ݅݊݃݅݊ݐ݁ݎ݂ܽܿ݁ݏܶ݋ݐ݈ܽ݊ݑܾ݉݁ݎ݋݂ݏ݁ݐݐ݅݊݃݅݊ݐ݁ݎ݂ܽܿ݁ݏ  
 
ܾ ൌ ܶ݋ݐ݈ܽ݊ݑܾ݉݁ݎ݋݂ܿ݋݉݌݋݊݁݊ݐݏݓ݅ݐ݄݃ݎ݅݌݌݅݊݃݅݊ݐ݁ݎ݂ܽܿ݁ݏܶ݋ݐ݈ܽ݊ݑܾ݉݁ݎ݋݂݃ݎ݅݌݌݅݊݃݅݊ݐ݁ݎ݂ܽܿ݁ݏ  
 
The product family convertibility measure is consequently 
expressed as follow:  
 
ܥ௉ி ൌ ܽ כ ܾ 
 
The mathematical indicator is built so as to give priority to 
interfaces commonality while keeping functional product 
variety.  In fact, an increasing number of common gripping 
and setting interfaces facilitates the introduction of new 
variants even if they have specific components. The product 
convertibility measure reaches its maximum value when each 
component family has only one setting and/or gripping 
interfaces. While its minimal value corresponds to 1, which 
represents the case where each component has its specific 
gripping and/or setting interfaces.  
4.3. Mathematical formulation of product convertibility  
We consider a manual mixed-model assembly line through 
which transit n variants. We define the following parameters:  
ܨ௜  ׷The ith component family  
݈ ׷Number of component families with setting interfaces 
݉    ǣ Number of component families with gripping interfaces 
ܥி  ׷Number of components in  ܨ௜  
ܫ௚ி ׷Number of gripping interfaces in ܨ௜ 
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ܫ௦ி ׷Number of setting interfaces in  ܨ௜ 
 
 
 
 
 
 
 
 
 
 
 
 
4.3   Application  
In this section, we experiment the product convertibility 
model in two automotive industry plants where are commonly 
assembled several variants. Both of the plants possess quite 
similar product platform and assembly process. We consider 
the workshops where are assembled manually the underbody 
components such as the exhaust system, the gearbox and back 
trains.  In a first step, we assess the convertibility of each 
product family separately. Then, we consider a variant x that 
can be introduced in both of the plants (see fig.4). 
Fig 4: Case study description 
The objective of this experimentation is to quantify the 
convertibility of each product family and to argue the decision 
concerning the choice of the plant that can easily produce the 
variant x.   
Application results are presented in tables 2 and 3.  
Table 2. Product convertibility results for Plant 1. 
ࡲ ࡯ࡲ ࡵࢍࡲ ࡵ࢙ࡲ  ࡲ ࡯ࡲ ࡵࢍࡲ ࡵ࢙ࡲ 
ܨଵ 4 1 4  ܨଵᇱ 5 1 4 
ܨଶ 5 1 2  ܨଶ 5 1 2 
ܨଷ 3 3 1  ܨଷ 3 3 1 
ܨସ 3 1 1  ܨସ 3 1 1 
ܨହ 6 4 1  ܨହ 6 4 1 
ܨ଺ 5 0 2  ܨ଺ 5 0 2 
ܨ଻ 5 1 0  ܨ଻ᇱ 6 1 0 
଼ܨ  3 0 3  ଼ܨ  3 0 3 
ܨଽ 3 0 2  ܨଽ 3 0 2 
ܨଵ଴ 13 1 2  ܨଵ଴ 13 1 2 
ܨଵଵ 8 0 1  ܨଵଵ 8 0 1 
ܨଵଶ 5 0 1  ܨଵଶᇱ  6 0 2 
ܨଵଷ 5 0 1  ܨଵଷ 5 0 1 
ܨଵସ 8 0 1  ܨଵସᇱ  9 0 1 
ܨଵହ 3 0 1  ܨଵହ 3 0 1 
ܨଵ଺ 5 0 1  ܨଵ଺ 5 0 1 
࡯ࡼࡲ 10,70  ࡯Ԣࡼࡲ 11,21 
ܥ௉ிǡ௠௔௫ 22,82  ܥԢ௉ிǡ௠௔௫ 24,90 
ܥ௉ிሺΨሻ 47%  ܥԢ௉ிሺΨሻ 45% 
Table 3. Product convertibility results for Plant 2. 
ࡲ ࡯ࡲ ࡵࢍࡲ ࡵ࢙ࡲ  ࡲ ࡯ࡲ ࡵࢍࡲ ࡵ࢙ࡲ 
ܨଵ 4 1 1  ܨଵᇱ 5 2 2 
ܨଶ 7 1 2  ܨଶ 7 1 2 
ܨଷ 3 3 1  ܨଷ 3 3 1 
ܨସ 8 1 1  ܨସ 8 1 1 
ܨହ 6 0 1  ܨହ 6 0 1 
ܨ଺ 4 0 2  ܨ଺ 4 0 2 
ܨ଻ 8 1 0  ܨ଻ᇱ 9 1 0 
଼ܨ  3 0 3  ଼ܨ  3 0 3 
ܨଽ 3 0 1  ܨଽ 3 0 1 
ܨଵ଴ 10 1 1  ܨଵ଴ 10 1 1 
ܨଵଵ 8 3 2  ܨଵଵ 8 3 2 
ܨଵଶ 5 0 1  ܨଵଶᇱ  7 0 1 
ܨଵଷ 3 1 1  ܨଵଷ 3 1 1 
ܨଵସ 3 0 1  ܨଵସᇱ  4 0 1 
ܨଵହ 3 1 1  ܨଵହ 3 1 1 
ܨଵ଺ 2 0 1  ܨଵ଺ᇱ  4 1 1 
࡯ࡼࡲ 12,74  ࡯Ԣࡼࡲ 11,89 
ܥ௉ிǡ௠௔௫ 32,00  ܥԢ௉ிǡ௠௔௫ 35,66 
ܥ௉ிሺΨሻ 40%  ܥԢ௉ிሺΨሻ 33% 
 
The obtained results can be interpreted as follow:  
 ܥ௉ி represents the product convertibility measure. It 
expresses the synergy that is created when several variants 
are commonly produced on the same platform. In our case:  
 
ܥ௉ிǡ୔୪ୟ୬୲ଵ ൏ ܥ௉ிǡ୔୪ୟ୬୲ଶ 
 
 ܥԢ௉ி is the new product convertibility measure obtained  
after the introduction of the variant x. Its value changes 
depending on which product family the variant is being 
introduced. Consequently, this measure enables to identify 
the plant that can quickly launch the new variant 
production. In our case study: 
 
ܥԢ௉ிǡ୔୪ୟ୬୲ଵ ൐ ܥ௉ிǡ୔୪ୟ୬୲ଵ 
 
ܥԢ௉ிǡ୔୪ୟ୬୲ଶ ൏ ܥ௉ிǡ୔୪ୟ୬୲ଶ 
 
     We conclude that it’s easier to introduce variant x in Plant 
1 than Plant 2 even if the product family intrinsic 
convertibility in plant 2 is quite higher. 
ܥ௉ி ൌ
σ ܥிೖ௟௞ୀଵ
σ ܫ௦ிೖ௟௞ୀଵ
כ
σ ܥிೕ௠௝ୀଵ
σ ܫ௚ிೕ௠௝ୀଵ
ሺ͸ሻ 
ܥ௉ிǡ௠௔௫ ൌ 
σ ܥிೖ௟௞ୀଵ
݈ כ
σ ܥிೕ௠௝ୀଵ
݉  ሺ͹ሻ 
ܥ௉ிሺΨሻ ൌ
ܥ௉ி
ܥ௉ிǡ௠௔௫ ሺͻሻ 
 
 
ܥ௉ிǡ௠௜௡ ൌ ͳ                                                                    (8) 
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 ܥ௉ிሺΨሻ   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
. It 
enables to follow the evolution of the product 
convertibility measure of a given workshop. 
5. System convertibility indicator  
The convertibility indicator is then expressed as follow: 

ܥௌ ൌ ݓଵܥ஼௒ ൅ ݓଶܥௐௌ ൅ ݓଷܥு ൅ ݓସܥ௉ி                       ሺͳͲሻ 
 
System convertibility indicator results for Plants 1 and 2 
are presented in the table below: 
Table 4. System convertibility indicator for plants 1 and 2. 
Convertibility measure Plant 1 Plant 2 
Configuration convertibility ሺܥ஼௒ሻ 92% 60% 
Work Station convertibility ሺܥௐௌሻ 100% 100% 
Material Handling convertibility ሺܥுሻ 25% 10% 
Product Family convertibility ሺ࡯ࡼࡲሻ 47% 40% 
 
Configuration and material handling convertibility results 
are not detailed on this paper; they are based on the 
configuration approach defined above (5) and material 
handling measure presented in [9]. The final result depends on 
the weighting value, ݓ௜ǡ which differs from one case to 
another, according to companies’ priorities and strategy. 
6. Conclusions and perspectives 
By integrating process and product information, the 
present paper provides a convertibility indicator for manual 
mixed-model assembly lines. The convertibility metrics 
defined here enable quantitative assessment of system 
convertibility. Product convertibility measure is particularly 
useful to quantify the product family synergy, to compare 
workshops convertibility and to argue the decision concerning 
in which plant a specific variant can be produced. The first 
experimental results showed the effectiveness and the utility 
of this indicator to help product and assembly line designers 
as well as process planners to take the right decisions to 
ensure an optimal convertibility for their manufacturing 
system. Many opportunities exist for future research. Some of 
these opportunities are highlighted below: 
 The introduction of a cost parameter can be very useful to 
complete the system convertibility assessment. For 
example, this information can be added in the product 
convertibility measure by integrating setup cost. 
 For more accuracy, the system layout characteristics can 
be integrated in the convertibility indicator. Because it 
affects the distances travelled by the product and the 
operator so as the material handling system. 
 Variety leads to system complexity. However, human 
operators are 100% convertible, but only at a given 
complexity threshold. The parameter Y, defined above (4), 
can be useful to evaluate the variety tolerated for operators 
in the case of manual assembly. 
 Studying system convertibility and scalability commonly 
is interesting to bring out the interactions and limits that 
may exist. Thereby, the system convertibility optimization 
is conditioned by the capacity scalability desired. 
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